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Abstract
The Isochronous Mass Spectrometry (IMS) is a powerful tool for mass measurements of exotic nuclei with half-
lives as short as several tens of micro-seconds in storage rings. In order to improve the mass resolving power while
preserving the acceptance of the storage ring, the IMSwith two Time-Of-Flight (TOF) detectors has been implemented
at the storage ring CSRe in Lanzhou, China. Additional velocity information beside the revolution time in the ring can
be obtained for each of the stored ions by using the double TOF detector system. In this paper, we introduced a new
method of using a 658 nm laser range finder and a short-pulsed ultra-violet laser to directly measure the distance and
time delay difference between the two TOF detectors which were installed inside the 10−11 mbar vacuum chambers.
The results showed that the distance between the two ultra-thin carbon foils of the two TOF detectors was ranging
from 18032.5 mm to 18035.0 mm over a measurable area of 20×20 mm2. Given the measured distance, the time
delay difference which comes with signal cable length difference between the two TOF detectors was measured to be
∆tdelay1−2 = 99(26) ps. The new method has enabled us to use the speed of light in vacuum to calibrate the velocity
of stored ions in the ring. The velocity resolution of the current double TOF detector system at CSRe was deduced to
be σ(v)/v = 4.4× 10−4 for laser light, mainly limited by the time resolution of the TOF detectors.
Keywords: TOF detectors, velocity measurement, ultra-thin carbon foil, ultra-high vacuum, laser range-finder,
ps-pulsed UV laser
1. Background
The accurate knowledge of the masses of atomic nuclei is particularly important for nuclear structure and nuclear
astrophysics [1, 2]. The challenge today is to obtain accurate masses of nuclei located far away from the valley of
β -stability [3]. However, such nuclei are short-lived and are produced with small cross section. Therefore, highly
efficient and fast measurement techniques are required. The Isochronous Mass Spectrometry (IMS) is one of such
techniques which is realized at in-flight separation radioactive ion beam facilities [4–6]. The IMS experiments are
performed today at three heavy-ion storage ring facilities, namely the experimental storage ring ESR at GSI Helmholtz
Center in Darmstadt, Germany [7–16], the experimental cooler-storage ring CSRe at the Institute of Modern Physics
in Lanzhou, China [17–27], and the rare-ion storage ring R3 at the RIKEN Nishina Center in Tokyo, Japan [28–34].
With the IMS masses of exotic nuclei can be deduced from precise revolution time measurements of the ions
circulating in the isochronous storage ring [7]. The revolution times, which are measured by a Time-Of-Flight (TOF)
detector [8–10, 35–39], are related to the mass-to-charge ratios (m/q) of the stored ions in the ring [13]:
∆T
T
=
1
γ2
∆(m/q)
m/q
−
(
1
γ2
−
1
γ2t
)
∆(Bρ)
Bρ
, (1)
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Figure 1: (Color online) Schematic view of the storage ring CSRe. The dipole and quadruple magnets are indicated as blue and yellow rectangles,
respectively. Two Time-Of-Flight detectors (indicated as TOF1 and TOF2) are installed inside the vacuum chamber at one of the straight sections
of CSRe. In order to let the laser beams to shine through the beam line, two quartz vacuum windows [41] were installed on both ends of the vacuum
chamber of the beam pipe. The TOF detectors are movable in X-direction between testing chamber and experimental chamber.
where γ is the relativistic Lorentz factor, Bρ = m
q
γv is the magnetic rigidity and v is velocity of the ions. The
transition energy factor γt is a machine-parameter determined by the ion optics of the ring and is defined as γ
2
t =
[∆(Bρ)/(Bρ))]/(∆C/C) where C = vT is the orbital length of the stored ions. In the isochronous condition of the
ring, the γt is set equal to the γ of the target ion so that the second term of Eq.(1) is negligible. In reality, γt of a storage
ring is not a constant, but is a function of the Bρ or C of the stored ions. Moreover, even for the target nuclei, all
individual ions are injected at different γ which do not match perfectly γt , therefore the spread of the revolution times
σ(T ) is not zero and the mass resolving power is a finite value. The achievable mass resolving power R(1σ -value) of
IMS is limited by the Bρ-acceptance of the storage ring:
R =
m
∆m
≈
1
γ2
T
σ(T )
=
γ2t
γ2− γ2t
Bρ
σ(Bρ)
=
γ2t γ
−2
γ2− γ2t
v
σ(v)
. (2)
Typical Bρ-acceptance σ(Bρ)/(Bρ) of the CSRe storage ring was about 8.5× 10−4 for the isochronous setting at
γt = 1.39 [40]. Obviously, R has the largest value for the target ion. For those ion species other than the target ion, R
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quickly drops down because γ-value deviates significantly from γt -value due to different m/q of the ions.
A novel way to increase R without reducing the acceptance of the ring was first proposed at GSI in 2005 [42, 43].
The idea is to measure the velocity for each stored ions with two TOF detectors in the ring such that the revolution
time spread can be reduced by using the velocity information in the off-line data analysis [44–47]. In this way, the
resulting mass resolving power can be improved for all the stored ions over a large m/q-range and the systematic error
caused by the second term in Eq.(1) can be reduced in the mass calibration of the revolution time spectrum. The IMS
with two TOF detectors has been set up at CSRe and on-line test experiments have been carried out recently [48]. Two
new TOF detectors [35–37] have been installed in the straight section of the ring (see Fig. 1), new ion optics of the
ring with zero dispersion at the two TOF detectors and proper γt -value and Bρ-acceptance have been established for
CSRe [49]. Note that with the velocity information obtained in IMS, the γt of the ring as a function of orbital length
has been deduced in a straightforward way [49, 50]. Therefore, with both v and T measured, the achievable mass
resolving power R will no longer be limited by the physical acceptance of the ring but by the precision of the velocity
measurement of each stored ion (see last term in Eq. 2).
In this paper, we have developed a new method employing laser beams to study the characteristics of the double
TOF detector system in CSRe. The distance between the two TOF detectors was measured using a laser range finder
and the time delay difference which comes with signal cable length difference between the two TOF detectors was
measured with help of a picosecond-pulsed ultra-violet (UV) laser. The velocity-resolution of the double TOF detector
system and time-resolution of one TOF detector were determined. The lasers, which can be used in situ and operando
during the IMS experiment at CSRe, have enabled us to use the speed of light in vacuum to calibrate the velocity of
heavy ions.
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Figure 2: (Color online) Front and schematic view of the Time-Of-Flight detector [35–37]. The ion/laser beam pass through a thin carbon foil in
Y-direction and release secondary electrons which are isochronously transported to the MCP detector placed in forward direction. The detector is
movable between experimental and testing chambers in X-direction (see Fig. 1). The angle of the 658 nm laser beam can be scanned to probe the
3D positions of the objects using diffusely reflected laser light from surface of the carbon foil or other materials.
2. Principle
A schematic view of the CSRe storage ring is shown in Fig. 1. With the two TOF detectors installed in the
dipole-free straight section of the storage ring, the velocity of the stored ions (laser light) can be measured as:
v =
L
t2− t1+∆tdelay1−2
, (3)
where L is the distance between the two detectors which is approximately 18 meters, t1 and t2 are the arrival times
of the ions (laser light) at the two detectors which are registered by the oscilloscope, ∆tdelay1−2 is the time delay
difference which comes with signal cable length difference between the two TOF detectors (see Fig. 1). The structure
of the TOF detector is shown in Fig. 2. When ions/laser beam penetrates the carbon foil of the TOF detector,
secondary electrons (SEs) are released from the carbon foil. The electrons are guided to the Micro-Channel Plates
(MCPs) by applied electric and magnetic fields. The electrical signals formed from the MCP anode are transmitted
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through signal cable to the oscilloscope and are recorded as timing signals for off-line analysis. External trigger either
from the kicker of CSRe or a pulsed Laser instrument is used to activate the data recording of the digital oscilloscope.
Surely there is a time delay between the arrival time of the TOF signal which is registered by the oscilloscope and the
actual arrival time of ions (laser light) at the carbon foil of the TOF detector. Although the electric and magnetic field
settings, the cable length are identical for two TOF detectors, the time delays are not exactly the same. Here we use
∆tdelay1−2 = tdelay1− tdelay2 to indicate the time delay difference.
For accurate velocity measurement of the stored ions in the ring, the two parameters (L and ∆tdelay1−2) should
be calibrated. It is possible to use the primary beam with well-defined velocity, which could be extracted from
the synchrotron CSRm, sent through the beam-transport line and directly injected to CSRe [40], for the velocity
calibration of the cocktail secondary beam as long as the ions of both primary and secondary beam undergo the same
L in the straight section of CSRe. However, the velocity spread of the primary beam is about σ(v)/v = 2× 10−4
[40, 51]. There is also a risk to use the primary beam because the TOF detectors can only handle at maximum
hundreds of ions stored simultaneously in CSRe. Therefore, an independent way to determine L and ∆tdelay1−2 by
using two types of laser beams has been developed. The method reported here is not only useful for the velocity
measurements in the present and future storage ring facilities but can also be applied in other similar general-purpose
experiments.
2.1. Precision goal and the error budgets
In a typical IMS experiment [20], tens of heavy ions selected from projectile fragments of the primary beam are
injected and stored simultaneously in the ring. The velocities of the stored ions are between 0.66c to 0.73c depending
on the mass-to-charge ratios of the ions. Therefore t2− t1 ranges from about 82 ns to 92 ns for stored ions and is about
60 ns for a laser beam. The precision of velocity measurement is determined by the precision of time measurements,
variations of L and of ∆tdelay1−2:
σ(v)
v
=
√
σ2(L)
L2
+
σ2(t)
t2
, (4)
where t = t2− t1 +∆tdelay1−2. The goal [46, 47] of the velocity measurement is to reach a precision of σ(v¯)/v¯ ≈
2× 10−5, where v¯ is the mean velocity owing to the fact that the velocity of the stored ions is gradually reduced
due to energy loss in the TOF detectors. With this precision, we hope to reach a maximum mass resolving power of
R ≈ 8× 105(1σ) assuming σ(γt )/γt ≈ 1× 10
−4 could be reached in the data analysis [50] while the acceptance of
σ(Bρ)/(Bρ)≈ 8.5× 10−4 was preserved in CSRe.
The time precision σ(t) is limited by the time-resolution of the TOF detector which is about 18.5 ps [37] and can
be statistically improved by measuring t for more than one time (recording timing signals for hundreds of revolutions)
for each ion. For σ(L), the situation is a little different. Although no dipole magnets are installed in the straight
section, there are quadrupole magnets in between the two TOF detectors. So, the resulting trajectories of the ions
at the straight section of the ring will obey betatron oscillations around ‘closed’ orbits. Therefore, the ions pass
through the TOF detector at different positions on the foil and these positions vary from one revolution to another. It
is found by simulations [52], that by assuming the carbon-foils in the TOF detectors were perpendicularly aligned to
the ion beam, the betatron oscillation will cause a variation in trajectory of dL/L≈ 2× 10−6. However, if the carbon
foils were not flat but supposedly have a surface roughness of 0.18 mm, this would introduce an additional error of
dL/L = 1× 10−5. Moreover, if the surfaces of the two carbon foils are not parallel to each other, L and t might be
correlated and the measured v might be biased if we assume a constant L in the data analysis. Therefore a scan of the
exact values of L between the two ultra-thin carbon foils are needed. Furthermore, although the ∆tdelay2−1 could be
considered as constant during a IMS experiment, its value should be calibrated anyhow especially if the connection
signal cables of the TOF detectors were changed before the experiment.
In the following chapters, the L and ∆tdelay1−2 measurements employing a 658 nm laser range finder and a short-
pulsed ultra-violet (UV) laser will be described and the distance and timing properties of the double TOF detector
system in CSRe will be characterized in detail.
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Table 1: Main parameters of the laser range finder MS60 MultiStation [54].
Measurement technology: Wave Form Digitizing
Wave length: 658 nm
Pulse duration: 1.5 ns (FWHM)
Repetition rate: 2 MHz (scan mode)
4 MHz (point mode)
Spot size at 20 m: 3.3 mm×8 mm
Angle precision : 1◦/3600 (ISO 177123-3)
Absolute distance precision: 2 mm + 2ppm (ISO 177123-4)
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Figure 3: (Color online) Measured distances between TOF2 detector and MS60 MultiStation. The laser beam direction of the MultiStation was
fixed and the TOF2 detector was moved in X direction from position A to B and back. Position A (B) indicates the center of the carbon foil (empty
hole) was on the laser beam. Red open circles indicate the distance measured when TOF2 detector was stationary placed in position A. Black
closed circles indicate the distanced measured when TOF2 detector was moving: the change of measured distances was observed when the holding
ring and mounting frame of the foil or empty hole on a frame was on the path of laser beam (see Fig. 2).
3. Distance measurement
3.1. Method
The objects of the distance measurement are two carbon-foils of the TOF detectors with their centers aligned to
the ion beam trajectory. Schematic view and a picture of the TOF detector [35–37] are shown in Fig. 2. The diameter
and thickness of the foils are 40 mm and ≈ 90 nm (20 µg/cm2), respectively. Both TOF detectors are moveable
inside the vacuum chamber in X direction in such a way that the carbon foil can be placed in and out of the beam
line. Usually, each TOF detector is prepared and assigned in a separate vacuum chamber, a testing chamber which is
connected to the experimental chamber with a valve gate (see Fig. 1). The difficulties of distance measurements here
are the non-reachable environment which is inside an ultra-high vacuum chamber (≈ 10−11 mbar) and the fragility of
the studied objects (90 nm thick carbon foils), therefore traditional laser tracker technology using reflection minors
[53] is not applicable.
The task is accomplished by using a 658 nm laser range-finder Leica Nova MS60 MultiStation (hereafter Multi-
Station) [54]. Typical parameters of the MultiStation are listed in Table 1. During the measurements, a pulsed laser
beam from the MultiStation was sent through the vacuum beam pipe and directly to the carbon foil of the TOF de-
tector (see Fig. 1). The light from the laser beam was diffusely reflected from the carbon foil and detected by the
MultiStation. The time-of-flight of the reflected light pulse is used to determine the distance from the carbon foil
to the MultiStation. The errors [55] of the distance measurement by the MS60 MultiStation consist of two parts: a
zero-point correction (offset) of 2 mm and a statistical relative error of 2 ppm (which means an error of 0.04 mm for a
range of 20 m) [54]. As we are interested in the distance between the two TOF detectors, that is the range difference
between the two detectors, the influences of the laser passing forward and backward through air and a quartz window
of the vacuum chamber as well as the zero-point corrections of the MultiStation cancel out.
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Two working modes, the point mode and the scan mode, were used in the distance measurements. In the point
mode, the measurements were repeated at a fixed angle of the laser beam. In the scan mode, the angle of the laser
beam was scanned through a selected area of the object and only one distance value was recorded for each angle. The
distance between TOF1 and TOF2 was measured as slant range difference (l2− l1) in the point mode and as distance
difference in Y direction (Y2−Y1) in the scan mode (see Fig. 2).
3.2. Preparation of the measurements
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Figure 4: (Color online) Results obtained in the point mode. Left: the distance (∆l) between two TOF detectors as a function of horizontal and
vertical angles. The laser beam pointing at (Hz,V)=(0◦,90◦) angle was aligned to the beam line. The corresponding X and Z positions of the
laser spot on the carbon foil of TOF2 detector are also indicated in additional axes. The position (X,Z)=(0,0) corresponding to the centers of the
two carbon foils (see text in Chapter 3.2). Right: The corresponding width (σ(∆l)) of the slant distance distribution. The experimental results are
represented by red points and are color-coded (see legend). The variation of ∆l reached 3 mm at maximum. Note that there are areas on the foils
where no distance can be measured.
The laser beam of the MultiStation has to be aligned with the center of the beam line before the measurements. A
collimation axis aligned with the beam line center was assigned by the accelerator department and its extension was
marked as a collimation line on the floor. The MultiStation was set on a tripod and the tripod was positioned in a place
where the light spot (Φ = 2.5mm) of the build-in Laser plummet of the MultiStation was on this collimation line on
the floor. After the position of the tripod was fixed, the MultiStation was leveled with the aid of a build-in electronic
level device. This would ensure that the laser beam is on the horizontal plane when the vertical angle read is 90 degree.
With the aid of a build-in collimation camera of the MultiStation, the horizontal and vertical angles of the two carbon-
foil centers were measured by the MultiStation after the TOF detectors were moved in to the center of the beam line.
The location and height of the tripod shall be adjusted iteratively until the laser beam is aligned with the beam line
center. For each adjustment of the tripod, the MultiStation must be leveled again. The criteria for alignment were:
the horizontal angles of the two foil-centers were the same within ±0.005 degree and the corresponding two vertical
angles were 90 degree within ±0.005 degree. After the criteria were fulfilled, the laser beam pointing to the center
of carbon foil of the TOF2 detector was assumed to be aligned with the beam line when the vertical angle read in the
MultiStation was 90 degree. The corresponding horizontal angle was then set to be zero and a Cartesian coordinate
system was set in the MultiStation such that X=Z=0 corresponding to vertical angle of 90 degree and horizontal angle
of zero. All measurement results were expressed in this coordinate system.
During the preparation, the accuracy and reliability of the measurements were tested by monitoring the distance of
TOF2 detector using the point measurement mode. At first the laser beam was shot on the center of the carbon foil and
the data acquisition (DAQ) rate of the MultiStation was set to be 1 Hz. The results of the distance measurements are
shown with red open circles on the left-hand side of Fig. 3 (position A). The standard deviation (σ ) of the measured
data is 0.16 mm. Afterwards the detector was moved out from the beam position (position A) along X direction
to the empty hole position on the foil frame (position B) (see Fig. 2) and reverse. The data were taken while the
detector was moving (black filled circles). When the holding ring, mounting frame and carbon-foil of TOF2 detector
6
were on the beam path the distances were measured as 23757.9 mm, 23762.1 and 23773.1 mm respectively. The
relative distances between different parts of the detector agree with the machining and the assembly of the detector,
supporting the reliability of the measurements. Finally, the detector was moved back to position A and similar distance
was measured as before with a mean value of 23773.1 mm and a standard deviation of 0.1 mm. This indicates the
reliability of the moving mechanisms of the detectors.
3.3. Measurement results
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Figure 5: (Color online) Results obtained in the scan mode. Left and middle panels: the 3D positions of two ultra-thin carbon foils of TOF1 and
TOF2 detectors inside the vacuum pipe. The Cartesian coordinate system is defined by the MS60 MultiStation at the beginning of the scanning,
where Y axis is aligned to the beam direction of the ions. The experimental results are represented by black points and the color-code of the Y-axis
is given in the legend. The ring and mounting frame which are closer to the MultiStation than the carbon-foil are clearly seen. There are areas in
ultra-thin foils where no data points could be measured. Right panel: The point-to-point distance (∆Y) between the two carbon-foils. The source
data for figures as well as photographs of the two carbon foils can be downloaded at [56]
In Fig. 4, the results of the point mode measurements for 20 different angles are summarized. First at a certain
angle of the laser beam, TOF1 detector was removed from the beam line and the slant range (l2) of TOF2 detector
was measured for about 400 times. Then, TOF1 detector was moved into the beam-line and the slant range (l1) was
measured for about 400 times. The distance between the two TOF detectors was calculated as the difference of the
mean slant ranges: ∆l = l¯2− l¯1. The width of the distance distribution was given by σ(∆l) =
√
σ2(l1)+σ2(l2). The
measurements were repeated for different angles to deduce the distance between two TOF detectors over the whole
areas of the two carbon foils. It turned out that only a limited area on the carbon foils were measurable: the diffusely
reflected light of the laser pulses from certain areas was too weak to be detected by the MultiStation and no slant range
data could be returned for certain angles of the laser beam. Beside that, the measured ∆l ranged from 18032.3 mm
to 18035.4 mm (see left-hand side of Fig. 4) and σ(∆l) at each angle of the laser beam varied from 0.13 mm to 0.27
mm (see right-hand side of Fig. 4). The maximum distance variation of 3 mm was observed. The disadvantage of the
point mode measurements was the fact that the TOF1 detector should be moved back and forth for each angle of the
laser beam.
3D-positions of the two carbon foils obtained in the scan mode measurements are shown in Fig. 5. The angle of
the laser was varied automatically in pre-set steps to scan once for all the whole area of the carbon foil. After TOF1
detector was scanned, it was moved out from the beam line to let TOF2 detector to be scanned. The scanning raster for
each detector was 1 mm in both X and Z directions and the DAQ rate is 62 Hz. Only one distance data was returned
for each angle in the scan mode as compared to hundreds of distance data for each angle in the point mode. In Fig.
5, there are also some areas in the ultra-thin carbon foils where no data points could be measured in the scan mode,
which is consistent with the results obtained in the point mode (see Fig. 4). Nevertheless, the positions of the carbon
foils and their holding rings are clearly seen in the color-coded maps in Fig. 5. A tilting angle of 2.3◦ between the
two carbon foils was measured and the surface roughness of the TOF1 and TOF2 carbon foils were measured to be at
maximum 1.3 mm and 0.6 mm, respectively. In comparison, the measured surface roughness of the holding rings in
the detectors were only about 0.3 mm. The centers of the two foils were turned out to be not in the same altitude: the
carbon foil of TOF2 was located about 6.7 mm higher than the carbon foil of TOF1, which means that the two foils
overlap by only 79% of the areas from the beam point of view. Moreover, on the XZ-plane, the overlapped area that
were measured was less than 20×20 mm2, mainly restricted by the smaller measurable area of the ultra-thin carbon
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Table 2: The main parameters of the ultra-violet laser FL-266nm-Pico [57].
Wave length: 266.456 nm
Pulse duration: 15 ps (FWHM)
Pulse energy: 10 nJ
Repetition rate: 1-1000 Hz
Spot size (90%) at 20 m: 8.2 mm×7.2 mm
foil in TOF2 detector. Along Y direction, the point-to-point distances (∆Y = Y2−Y1) of the two carbon foils had a
mean value of 18033.85 mm and were ranging from 18032.5 to 18035.0 mm, agreed with the results of the point
mode measurements. The distance variations had a standard deviation of σ(∆Y ) =0.6 mm and the main cause of the
variations was the roughness of the foil surfaces, especially the surface of the carbon foil in TOF1 detector.
4. Time delay difference measurement
4.1. Method
Given the measured distance between the two TOF detectors, the time delay difference ∆tdelay1−2 between the two
TOF detectors was measured with help of a dedicated ultra-violet (UV) laser with 15 ps (FWHM) pulse duration. The
main parameters of the UV laser are summarized in Table 2. The selection of the UV laser was based on following
considerations: (1) the energy of photon shall be equal to or higher than the work function of the ultra-thin carbon foils
(about 4 - 5 eV [58, 59]) to induce electron emissions from the foil surface, here 266 nm wavelength corresponding
to a photon energy of 4.66 eV; (2) the pulse duration should be as short as possible, at least shorter than 18 ps which
is the time resolution of the TOF detector [37]; (3) the power of laser beam should be lower than 20 mW (measured
at 1 MHz) to avoid burning the carbon foils; (4) the divergence angle of laser beam should be as small as possible.
The experimental set-up is shown in Fig. 1. The UV laser instrument was placed on an optical anti-shake platform
nearby TOF2 detector. Two fused-silica broadband reflecting mirrors was used to reflect and guide the UV laser
towards the center of the beam line. Since the UV laser light was very dim and no telescope and camera functions
were built in the UV laser instrument, the 658 nm visible laser light of the MS60 MultiStation was used to guide the
optical path for the UV laser. The 658 nm laser beam was first aligned with the center of the beam line as described in
chapter 3.2, sent through the quartz window at the other end of the vacuum beam pipe and shot onto the two reflecting
minors (see Fig. 1). The orientations of the two minors were adjusted to reflect the 658 nm laser onto the light outlet
of the UV laser instrument. The position and direction of the UV laser instrument was adjusted to allow the UV laser
light be transmitted backwards along the path of the 658 nm laser light to the centers of two carbon foils in TOF2 and
TOF1 detectors. The laser from the MultiStation was turned off after the UV laser was aligned with the beam line
center and ready for use in the time delay difference measurements.
Every 0.1 second, a UV laser pulse was shot through TOF2 to TOF1 detector (see Fig. 1). A trigger signal from
the UV laser instrument was sent to the oscilloscope (type: LeCory WaveRunner 604Zi) to activate data recording for
each shot. The laser pulse produced electric signals at the TOF detectors by releasing secondary electrons from the
carbon foil surfaces (see Fig. 2). The timing signals fromMCP anodes were transmitted along signal cables from two
TOF detectors to the two input channels of the oscilloscope and were recorded for off-line analysis. The sampling
rate and the voltage resolution of the oscilloscope were 10 GHz and 0.57 mV, respectively. The measured ∆tdelay2−1
is given by:
∆tdelay1−2 = (t1− t2)−
L
c
, (5)
where c = 299792458 m/s and L = 18033.85 mm ± 1.25 mm, t1, t2 are arrival times of the TOF1 and TOF2 timing
signals registered by the oscilloscope.
4.2. Results and discussion
In total 8000 pairs of timing signals induced by 8000 shots of the UV laser pluses were recorded. The detection
efficiency of the 266 nm pulsed laser light was 100% for both TOF1 and TOF2 detectors.
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Figure 6: (Color online) (a) Typical timing signal spectra registered by the oscilloscope for one laser pulse. The black and red lines are timing
signals from TOF2 and TOF1 detector, respectively. (b) The corresponding signal processing by using a standard Constant Fraction technique. t1
and t2 are the registered arrival times of the laser pulse at TOF1 and TOF2 detector. (c) A distribution of time difference between the two TOF
detectors measured for 8000 laser pulses. A combination of two Gaussian functions is used to fit the histogram. The fit result is shown as solid red
line. The two corresponding decomposed Gaussian functions are shown as green and blue dashed lines.
Typical timing signal spectra for one laser pulse is shown in Fig. 6(a). The standard Constant Fraction timing
discrimination (CF) process of the two timing signals is shown in Fig. 6(b). The arrival times of signals (t1, t2) were
determined at the zero-crossing points as shown in Fig. 6(b). The time difference t1− t2 was calculated for each
laser pulse. The distribution of all the 8000 t1− t2 values is shown in Fig. 6(c) where a double peak feature was
observed. A combined function composed of two Gaussian functions was used to fit the distribution histogram. The
two decomposed Gaussian functions deduced from the fitting are shown as green and blue dashed lines in Fig. 6(c).
The main peak located at 60.253 ns has a distribution σ = 26 ps and the side peak located at 60.345 ns has σ = 40 ps.
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Figure 7: (Color online) Left: 2D histogram of the pulse-heights of the pair of the timing signals induced by UV laser pluses. The detection
efficiency of the UV laser pluses is 100%. Right: 1D projections of the 2D histogram. The pulse-height of timing signal followed a Landau-like
distribution.
Indications from the manufacturer of the FL-266nm-Pico laser suggested that the side peak could originated from the
time structure of the laser pulse. Improvement of the pulse time structure of the laser shall be done in the future.
The time-of-flight between the two TOF detector for the laser light pulse in vacuum is L/c = 60.154 ns ± 4 ps
as inferred from distance measurements. Therefore, the time delay difference is ∆tdelay1−2 = 99(26) ps using the
results of the main peak in Fig. 6(c). Note that, the time resolution of one TOF detector can be estimated to be about√
(262− 42)/2 = 18 ps assuming the two detectors had the same time resolution. This result agrees well with our
previous off-line test result of σ = 18.5(2) ps using alpha particles [37].
The recorded timing signals from the two detectors tended to have same pulse-height and the pulse-height followed
a Landau-like distribution as shown in Fig. 7. The signal rise time (from 10% to 90% pulse-height) distributions for
the timing signals are shown on the left-hand side of Fig. 8. The signal rise times have a mean value of 741/782 ps
and a distribution σ of 17/17 ps for TOF1/TOF2 detector respectively. The CF timing errors σCF (t), originated from
uncertainties of the voltage recording (0.57 mV) and finite sampling rate (10 GHz) of the oscilloscope, are shown
on the right-hand side of Fig. 8. The most probable value (MVP) of the σCF (t) distribution is 8 ps for both TOF
detectors, which is consistent with the estimated time resolution of 18 ps of one TOF detector.
5. Summary and outlook
The distance between the two ultra-thin carbon foils and the time delay difference of two TOF detectors under
ultra-high vacuum condition were measured in-situ employing two types of lasers. With a 658 nm laser range finder
MS60 MultiStation, the distance has been measured to be 18033.85 mm with a variation of ±1.25 mm within a
measurable overlapped 20× 20 mm2 area between the two carbon foils. The result from two measuring modes, the
point and scan modes, are consistent with each other. Revealed by the scanning results, the main contribution of the
distance variations comes from the surface roughness of the two foils which is on the level of 1 mm. The tilting
angle between the two foils was found to be about 2.3 degree which means a transverse distance of 20 mm on the
carbon foils will introduce 20 mm× tan(2.3◦) = 0.8 mm difference to the flight path between the two TOF detectors
in straight section. The determined distance variation of dL = 1.25 mm due to surface roughness of the carbon foils
translates into a relative uncertainty of dL/L≈ 6.9× 10−5.
The time delay difference has been measured to be ∆tdelay1−2 = 99(26) ps with the help of a pulsed 266 nm
laser with 15 ps (FWHM) pulse duration. The time resolution of the double TOF detector system translated into
σ(t)/t = 26 ps/60514 ps= 4.3×10−4 for the time-of-flight of light between TOF1 and TOF2 detectors. The deduced
time resolution of one TOF detector is about 18 ps, agrees well with our previous measurement. The short pulsed
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Figure 8: (Color online) Left: The signal rise time (from 10% to 90% pulse-height) distributions and the corresponding Gaussian fitting results
(dotted lines). The mean values of the distributions are 741.1(2) ps for signals from TOF1 detector and 781.5(2) ps for TOF2. The sigma values of
the distributions are 17.2(2) ps for TOF1 signals and 16.7(2) ps for TOF2 signals. Right: The distributions of the Constant Fraction (CF) timing
errors of the signals and the corresponding Landau fitting results (dotted lines). The fitted most probable value (MVP) of the σCF (t) distribution is
8.5(1) ps for both TOF1 and TOF2.
UV laser is approved to be a convenient tool for testing the performance of TOF detectors. Note that the tilting
angle between the two carbon foils may bring in an additional error of σ(t) ≈ 4 ps to the t1− t2 of the stored ions.
Considering the UV laser only illuminated a small part (5%) of the detector (Φ = 40 mm diameter of carbon foil
compared to 9 mm×8 mm laser spot at TOF1) while each stored ion can pass through the detector at any point
of its active area, the time resolution of the double TOF detector system for the stored ions will be worse than
σ(t)/t = 3.1× 10−4 for ions with a velocity of 0.73c.
In conclusion, the current velocity-resolution of the double TOF detector system at CSRe is about σ(v)/v ≈
4.4× 10−4 for the speed of light, mainly limited by the time-resolution of the TOF detectors. For the stored ions in
CSRe, σ(v)/v ranges from 2.9× 10−4 to 3.2× 10−4 depending on the velocity of the stored ions. In order to reach
the aimed statistical precision of σ(v¯)/v¯ = 2× 10−5 for the measured mean velocity [46, 47], the distance variations
should be reduced to the level of d(L)/L = 2× 10−5 (i.e. 0.36 mm/18 m) and at least two hundred revolutions are
required for the circulating ions in CSRe. However, after passing 400 times through the 20 µg/cm2 carbon foils, the
velocity of a chromium ion (Z= 24) will be reduced by about ∆v/v = 2.4×10−4. Thinner carbon foils are suggested
for the design of new TOF detectors. It is clear that the research and development works of new TOF detectors with
better timing resolution are crucial in achieving better velocity-resolution and thus higher mass resolving power of
IMS at the current and future storage ring facilities.
Many aspects, concerning the future improvements, were revealed in this work. Firstly, the altitudes of the two
carbon-foils were different to each other by 6.7 mm which would limit the acceptance of the ring. Secondly, the tilting
angle between the two foils was measured to be about 2.3 degreewhich would introduce additional error in the velocity
measurement. Thirdly, the surface roughness of the two ultra-thin carbon foils was on the level of 1 mm and the main
contribution to the distance variations. New carbon foils with better surface flatness are needed. Replacement of old
carbon foils and assembly adjustments of the altitude and angle of the two TOF detectors are planned. In general,
laser range-finders are useful position monitoring tools for any fragile objects in place with complicated access, such
as TOF detectors inside a vacuum pipe. Some areas of the ultra-thin carbon foils could not be measured by the Leica
MS60 MultiStation in this work. The higher power of the carrier laser could be considered to overcome this problem.
Mechanical and assembly improvements of the TOF detectors could be better monitored using such a custom-tailored
MultiStation. Furthermore, the pulse time structure of the FL-266nm-Pico laser should be tested and improved in
future measurements. The spot sizes of the UV laser beam at TOF2 and TOF1 were about 2.0 mm×1.7 mm and 9.4
mm×8.2 mm, respectively. This difference might cause the distribution broadening of t1− t2 in Fig. 6(c). A pulsed
laser beam with smaller divergence angle is recommended for the future measurements.
The measurement scheme developed in this paper is planned to be integrated into the data acquisition system of
the IMS experiment for on-line velocity calibrations of the stored ions. In IMS experiments at CSRe, pulsed ion
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beams are injected into the ring every 20 seconds and the TOF measurements are done within 1 millisecond after
injection. Pulsed UV laser beam will be shot onto the two TOF detectors in between every injection of ion beam
for the determination of ∆tdelay1−2 value. Before and immediately after the IMS experiment, the L parameter will be
measured using the MS60 MultiStation.
For future storage ring at HIAF facility [60], two TOF detectors equipped with ultra-thin carbon foils of even
larger diameters are foreseen to be installed at a larger distance apart in a straight section of the Spectrometer Ring
(SRing) [61]. Therefore it is suggested to install quartz vacuum windows in the beam line to allow diagnosis with
laser beams. The same idea can be used for the ILIMA project at the future FAIR facility in Germany [42, 62, 63],
where two TOF detectors are to be installed in the Collector Ring CR [64].
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